Hydrogen embrittlement o f m e t a l l i c m a t e r i a l s has received a considerable i n t e r e s t during the past decades and a general view on t h e problem may be aquired by compil a t i n g t h e proceedings o f some o f t h e numerous Conferences devoted t o i t every year (1-5).
This i n t e r e s t i s j u s t i f i e d i f one considers that, among a l l t h e m e t a l -e m b r i t t l i n g i m p u r i t i e s , hydrogen has t h e smallest atomic s i z e and i s one o f t h e most commonly a v a i l a b l e . I n f a c t , any m e t a l l i c construction has t o be i n contact w i t h hydrogen d u r i n g i t s 1 i f e ; moisture decomposition during m e t a l l u r g i c a l elaboration o r welding, aqueous corrosion reactions,chemical products (acids, ammonia, etc. 1, sometimes pressurized gases, are t h e most common hydrogen sources. Thanks t o i t s small atomic size, hydrogen can d i f f u s e r a p i d l y , even a t room temperature, over l a r g e distances and accumulates on given m i c r o s t r u c t u r e defects o r under t h e a c t i o n o f external stresses. Local accumulation o f hydrogen may provoke a degrad a t i o n o f t h e mechanical resistance, c a l l e d hydrogen embrittlement.
From t h e fundamental p o i n t o f view, hydrogen embrittlement appears then t o be 1 argely c o n t r o l l e d by sol ubi 1 i t y , d i f f u s i o n and segregation phenomena. The r o l e o f t h e m i c r o s t r u c t u r e defects and, among them, o f t h e g r a i n boundaries i n these phenomena i s obviously a very important parameter t o be encountered f o r i n t h e d e s c r i p t i o n o f t h e mechanism o f hydrogen embrittlement.
The r e l a t i o n between grain-boundary segregations and hydrogen embrittlement may be considered from two stand p o i n t s :
1 ) Hydrogen has a strong tendency t o segregate i n , o r i n t e r a c t w i t h s t r u c t u r a l defects as d i s l o c a t i o n s and i n t e r n a l i n t e r f a c e s . T h i s tendency a f f e c t s t h e s o l i d s o l u b i l i t y and t h e m o b i l i t y o f hydrogen and consequently modifies t h e e m b r i t t l ement process.
21 I n t e r g r a n u l a r segregations o f a l l o y i n g elements o r i m p u r i t i e s other than hydrogen may modify the hydrogen embri t t l e m e n t suscepti b i 1 i t y o f t h e materi a1 , as a consequence of the i n t e r a c t i o n between the segregated species and t h e mobile hydrogen atoms.
Those two p o i n t o f view are obviously n o t independent and t h e t r e n d o f a l a r g e amount o f t h e most recent research works on hydrogen embrittlement i s t o take i n t o account t h e possible m u l t i p l e i n t e r a c t i o n s between g r a i n boundaries, hydrogen, and other species.
This paper i n t e n d t o discuss some selected recent r e s u l t s obtained on t h a t subj e c t . As no general scheme can be proposed f o r t h e moment, a t e n t a t i v e l i s t o f open questions w i l l be suggested i n an attempt t o c l a r i f y t h i s complex problem.
A separation must be made between t h e body centered cubic i r o n base a l l o y s and steels, which are h i g h l y susceptible t o hydrogen embrittlement, i n r e l a t i o n w i t h t h e very low s o l u b i l i t y and very high d i f f u s i v i t y o f hydrogen i n t h i s s t r u ct u r e , and t h e face centered cubic m a t e r i a l s ( s t a i n l e s s steels, n i c k e l , n i c k e l base a l l o y s ) , much l e s s susceptible ; however, t h e r e s u l t s o f recent fundamenta.1 studies on t h e l a t e r m a t e r i a l s may d i r e c t a new l i g h t on some o f t h e unexplained behaviour o f t h e former.
11. Body centered cubic i r o n a l l o y s and s t e e l s .
Evidences and nature o f hydrogen-grain boundaries i n t e r a c t i o n s
The existence o f an i ntergranul a r f r a c t u r e shape i n hydrogen embri t t l e m e n t (see f o l l o w i n g sections) o f i r o n a l l o y s i s t h e c l e a r e s t envidence o f the i n t e ra c t i o n between hydrogen and t h e g r a i n boundaries ; b u t i n t e r g r a n u l a r f r a c t u r e o r cracking i s t h e f i n a l stage o f t h i s i n t e r a c t i o n and one needs more d i r e c t and q u a n t i t a t i v e datas on the e a r l y stages o f hydrogen segregation. As hydrogen i s h a r d l y detectable by t h e usual l o c a l o r surface analysis techniques, hydrogendefects i n t e r a c t i o n s are studied through macroscopic s o l u b i l i t y and d i f f u s i o n measurements. The h i a h 1 a t t i c e d i f f u s i v i t v (7. cm2/sec-I a t room temperature " 3 (6)) and t h e small l a t t i c e s o l u b i l i t y ( 5 . 1 0 -~ cm3/cm a t room temperature ( 7 ) ) o f hydrogen are s t r o n g l y modified by these i n t e r a c t i o n phenomena u s u a l l y denominated "trapping phenomena" ( 8 ) (9). A mathematical analysis o f t h e permeation measurements and/or o f t h e outgasing k i n e t i c a l measurements can g i v e an idea o f t h e "trapping energy" A Hx o f the defects, defined as t h e a c t i v a t i o n energy f o r t h e l a t t i c e hydrogen/t.rapped hydrogen r e a c t i o n e q u i l i b r i u m (10) (11) (121, and o f t h e "trapping s i t e density" Nx. The r e s u l t s obtained f o r g r a i n . boundary . t r a p p i n g are q u i t e scattered : A Hx = 24 t o 50kj/mole (12) (131, Nx 1 0~~s i t e s / c m 3 (13) .
The values must be considered as only i n d i c a t i o n values, as macroscopic measurements are impeded by many e r r o r sources a r i s i n g from i ) t h e existence o f a wide range o f t r a p p i n g s i t e s w i t h d i f f e r e n t energies, which are n o t included i n t h e model ( l l ) , i i ) t h e d i f f i c u l t y t o assure t h a t t h e g r a i n boundary chemistry i s controled during t h e measurements. As seen l a t e r a very small amount o f carbon o r s u l f u r may change r a d i c a l l y t h e t r a p p i n g behaviour o f t h e g r a i n boundaries.
A d i r e c t evidence o f grain-boundary hydrogen t r a p p i n g can be given by t h e use o f t r i t i u m autoradiography (13) (14) (15) . Figure 1 i s an example o f t h i s k i n d o f observation. The combination o f autoradiography and degasing measurements (13) (15) can g i v e an idea o f t h e s p e c i f i c t r a p p i n g energy o f t h e g r a i n boundar i e s . However no q u a n t i t a t i v e answer has been given f o r t h e moment t o t h e quest i o n o f the i n f l u e n c e o f carbon o r other i m p u r i t i e s on t h e g r a i n boundary t r a pp i n g energy. I n t h e recent terminology (161, "pure" g r a i n boundaries can be described as " r e v e r s i b l e traps", which means t h a t t h e i r release r a t e i s high, o r t h e i r energy q u i t e small. Segregated o r p r e c i p i t a t e d carbon seem t o increase t h e t r a p p i n g energy, making them somewhat " i r r e v e r s i b l e " (15) . The i n f l u e n c e of other i m p u r i t i e s , known f o r t h e i r segregating tendency i n i r o n and steel, as S, P, Sb, Sn, i s not known from t h i s p o i n t o f view. -i n t h e g r e i n boundaries -Armco i r o n , cathodic charging.
Hydrogen induced g r a i n boundary f r a c t u r e o f i r o n o r i r o n -r i c h a l l o y s
Experiments on very high p u r i t y i r o n (17) (18) have d e f i n i t e l y proved t h a t t h e g r a i n boundaries o f pure i r o n are e m b r i t t l e d by hydrogen i n dynamic conditions
C6-178 JOURNAL DE PHYSIQUE (mechanical t e s t i n g simultaneous w i t h hydrogen charging) provided t h a t t h e t e st i n g conditions are c o r r e c t l y chosen ( s t r a i n r a t e g 5 . 1 0 -~s e c -~) .
The mechanism o f t h e embrittlement i s e v i d e n t l y r e l a t e d t o t h e hydrogen-grain boundaries i n t e r a c t i o n and has been proposed t o be a decohesion phenomenon (19) : hydrogen, transported t o t h e regions o f high t r i a x i a l stresses, reaches a c r i t ic a l concentration i n t h e g r a i n boundaries o f these regions and provokes a l o c a l decohesion. The mechanism o f l o c a l decohesion i s s t i l l discussed (20) (21) : t h e s p e c i f i c r o l e of hydrogen on t h e m e t a l l i c bonds i n g r a i n boundaries has n o t y e t been explained. The i n f l u e n c e o f t h e s t r a i n r a t e on hydrogen e m b r i t t l ement suggests a r o l e o f t h e d i s l o c a t i o n transport, which has n o t been c o r r e c t l y q u a n t i f i e d f o r the moment. I t i s also established t h a t small amounts of segregated carbon hinder t h e g r a i n boundary decohesion by t~y_drogen ( f ig.2) (18) (22). I f one considers t h a t , as proved by t r i t i u m autoradiography, t h e carbon-hydrogen i n t e r a c t i o n s tend t o increase t h e hydrogen content and t r a p p i n g energy o f t h e g r a i n boundaries i n such a l l o y s (13) (151, t h e explanation f o r t h e b e n e f i c i a l e f f e c t o f carbon could be an enhancement of the g r a i n boundary cohesion (23) (24) which compensate t h e l arger hydrogen trapping. But another explanation c o u l d be (25) t h a t a strong t r a p p i n g i n a p l a s t i c s t r u c t u r e has i n f a c t benefic i a l consequences on hydrogen embrittlement.
The r o l e o f t h e small amounts o f s u l f u r on t h e g r a i n boundary hydrogen e m b r i t t l ement o f i r o n i s c l e a r ( f i g . 3 ) (26). A very severe i n t e r g r a n u l a r decohesion appears when i r o n w i t h s u l f u r g r a i n boundary segregation i s submitted t o hydrogen charging. But as, by i t s e l f , s u l f u r i s a strong g r a i n boundary e m b r i t t l e r (23), i t i s d i f f i c u l t t o know i f t h e two e m b r i t t l i n g species have o n l y an a d d i t i v e a c t i o n o r i f , as proposed (261, t h e r o l e o f s u l f u r i s t o enhance a hydrogen absorption r e a c t i o n a t g r a i n boundaries. Further systematic studies, w i t h very pure i r o n containing other more o r l e s s e m b r i t t l i n g i m p u r i t i e s (P, Sb, Sn) would be o f i n t e r e s t t o answer t o t h i s question. In quenched and tempered or low alloyed steels, the occurence of hydrogen induced grain boundary fracture seems t o be related t o the yield strength and/or t o the segregation of impurities as P, Sb, Sn (sec ref. (27) f o r extensive bibliography 1.
The concept of the c r i t i c a l concentration of hydrogen t o produce crack propagation i n a given microstructure i s widely applied t o describe the fracture mechanism (27) (28) . Thus an interaction between hydrogen and the grain boundaries has t o be accounted f o r in the mechanism of embrittlement but the energy or " r e v e n i b i l i t y " of such an interaction i s not known and the proposed models (28) are only speculative.
The influence of other embrittling species, as P, Sn, Sb, which are considered as responsible for temper embrittlement (291, on hydrogen trapping and e m b r i t t l m t has been widely discussed during the l a s t three years (3, 4, 5) . But, from t h e mechanistic p o i n t o f view, i t seems very d i f f i c u l t t o propose a simple model; P, Sb and Sn never segregate alone i n these type o f s t e e l s and m u l t i p l e segregat i o n i s very o f t e n observed (24) . I n t h e most recent studies (28) (30) (31 ) . Some recent autoradiography experiments done on a Ni-Cr s t e e l i n our labor a t o r y (unpublished r e s u l t s i n c o l l a b o r a t i o n w i t h C.J. McMahon J r . ) suggest t h a t segregated P and Sb do n o t increase much t h e hydrogen t r a p p i n g a b i l i t y o f t h e g r a i n boundaries. I 1 1 -Face centered cubic a l l o y s ( s t a i n l e s s s t e e l s and n i c k e l base a l l o y s ) .
Hydrogen-grain boundary i n t e r a c t i o n The high l a t t i c e s o l u b i l i t y and t h e low d i f f u s i v i t y o f hydrogen i n F.C.C. i r o nbase and n i c k e l base alloys, as compared t o t h e B.C.C. iron-base alloys, changes completely t b e behaviour o f t h e materials. Austeni t i c s t a i n l e s s s t e e l s have been considered unsensible t o hydrogen embrittlement u n t i l a recent p e r i o d (32).

The question o f hydrogen-grain boundary i n t e r a c t i o n i n these a l l o y s i s a d i f f ic u l t one. F i r s t o f a l l , i t must be mentioned t h a t t h e r e i s no evidence o f g r a i nboundary s h o r t -c i r c u i t d i f f u s i o n i n a u s t e n i t i c s t a i n l e s s s t e e l s (33). This means t h a t i n absence o f p l a s t i c deformation inducing d i s l o c a t i o n accelerated t r a n sp o r t , i t i s very d i f f i c u l t t o introduce l a r g e q u a n t i t i e s o f hydrogen i n those m a t e r i a l s a t room temperature. From high temperature cathodic t r i t i u m charging experiments, i t has been showed t h a t g r a i n boundary trapping o f hydrogen occurs o n l y a t the meeting p o i n t s between t h e d i s l o c a t i o n p i l i n g up and/or E martensite p l a t e l e t s and t h e g r a i n boundaries ( f i g . 6 ) (34) (35).
The s i t u a t i o n i s d i f f e r e n t i n n i c k e l and nickel-base a l l o y s . S h o r t -c i r c u i t d i f f us i o n o f hydrogen along g r a i n boundaries has been reported r e c e n t l y (36) (37). Apparently, t h i s s h o r t -c i r c u i t d i f f u s i o n does not depend on t h e g r a i n boundary chemistry.
The t r a p p i n g o f hydrogen on g r a i n boundaries o f n i c k e l o r nickel-base a l l o y s i s r e l a t e d t o t h e p u r i t y . T r i t i u m autoradiography has shown a c l e a r hydrogen trapping, o n l y when the metal has been t r e a t e d t o enhance t h e segrPgation o f s u l f u r ( f i g . 7 ) ( 3 8 ) . The t r a p p i n g energy, n o t measured a t t h e moment, i s then s t r o n g l y dependent on t h e g r a i n boundary chemistry. S u l f u r a t t r a c t s s t r o n g l y t h e hydrogen atoms. -transmission e l e c t r o n microscope) showing t r i t i u m trapping on g r a i n boundaries of n i c k e l . Nickel 270 heat t r e a t e d t o produce s u l f u r segregation; cathodic charging i n t r i t i a t e d s a l t bath (150°C).
Hydrogen induced cracking and f r a c t u r e o f a u s t e n i t i c s t a i n l e s s steels.
The low y e l d strength a u s t e n i t i c s t a i n l e s s s t e e l s are e m b r i t t l e d o r cracked o n l y under severe cathodic charging conditions. A f t e r room temperature cathodic charging ( w i t h recombination poi son) a superf i c i a1 cracking, sometimes i ntergranular, i s induced.
The g r a i n boundary crack i n i t i a t i o n i s due t o the accelerated t r a n s p o r t o f hydrogen by t h e H-induced deformation products (dislocations, & p l a t e l e t s ) and i t s accumulation a t t h e g r a i n boundaries ( f i g . 8 ) ( 3 4 ) .
Under dynamic conditions, grain-boundary f r a c t u r e i s o n l y observed i n the unstab l e s t e e l s where a t h i n l a y e r o f a' martensite i s formed during p l a s t i c s t r a i n and/or carbide p r e c i p i t a t i o n (39) (40) . The mechanism i s here d i f f e r e n t and n o t r e l a t e d t o segregation phenomena : t h e a ' phase i s responsible f o r t h e f r a c t u r e , due t o i t s high own s e n s i t i v i t y . The case o f n i c k e l and Ni-base a l l o y s i s e n t i r e l y d i f f e r e n t . The hydrogen induced f r a c t u r e i s , here, always i ntergranul ar. One must a l s o separate between t h e s u r f ace e f f e c t s ( s u r f ace cracking) observed by room temperat u r e severe cathodic charging and t h e bulk e f f e c t obtained a f t e r high temperature charging o r under pressurized hydrogen.
The surface i n t e r g r a n u l a r cracking i s i n f a c t r e l a t e d t o t h e formation o f a surface hydride which decomposes p r e f e r e n t i a l l y a t t h e grain-boundaries (42). This behaviour i s an i n d i r e c t evidence o f p r e f e r e n t i a l g r a i n boundary d i f f u s i o n o f hydrogen i n n i c k e l .
The g r a i n boundary r u p t u r e o f n i c k e l and n i c k e l a l l o y s has been extensively studied. A 1 arge controversy has a r i s e n t o determine i f i ntergranular s u l f u r segregation was o r n o t necessary t o produce hydrogen induced grain-boundary rupture. That controversy seems now closed (36) (43) (44) (45) (46) as pure n i c k e l has been proved d e f i n i t e l y t o be susceptible t o grain-boundary e m b r i t t l ement (36) (43) (44) ( Table I ) . S u l f u r segregation plays however a major r o l e t o enhance t h i s s u s c e p t i b i l i t y (36) (43) (45) (46) ( Table I ) (Fig.9 ). Table 1 : E f f e c t o f p u r i t y , g r a i n s i z e and segregation on H-embrittlement o f Ni .So/Sc i n an embrittlement index ( r a t i o o f t h e areas under t h e t r u estress-true s t r a i n curve o f non-charged and charged specimen r e s p e c t iv e l y ) . High temperature cathodic charging. I n t e r g r a n u l a r r u p t u r e o f n i c k e l a f t e r cathodic charging a t high temperature.
The mechanism o f t h e a c t i o n o f hydrogen and o f t h e combined a c t i o n o f hydrogen and s u l f u r i s s t i l l under discussion. An accelerated t r a n s p o r t by t h e d i s l o c at i o n i s necessary t o provoke hydrogen accumulation i n t h e g r a i n boundaries (431, b u t chemical i n t e r a c t i o n s are also o f great importance. For instance i t could be possible t h a t t h e accelerated hydrogen d i f f u s i o n i n t h e g r a i n boundaries o f n i c k e l ( t h e o n l y known case o f accelerated g r a i n boundary d i f f u s i o n o f hydrogen i n metals), has some r e l a t i o n w i t h t h e tendency o f t h a t metal t o form h y d r ides.
Furthermore, the s p e c i f i c a c t i o n o f s u l f u r (and a l s o Sb and Sn) on hydrogen embrittlement has been a t t r i b u t e d t o the electrochemical r o l e o f these i m p u r i t i e s as recombination poisons (46).
The n i c k e l base a l l o y s have b a s i c a l l y t h e same behaviour as pure n i c k e l (47) (48) (49) but, as i n steels, the problem o f t h e i n f l u e n c e o f t h e segregated i m p u r i t i e s i s very much complicated by t h e occurence o f m u l t i p l e i n t e r a c t i o n s .
For instance, C , P, Sn and Ab are reported t o increase (47) (49) o r decrease (48) t h e resistance t o embri ttl ement.
More generally, and t h i s could apply t o a l l t h e metals and a l l o y s mentioned i n t h i s paper, t h e r o l e o f hydrogen on i n t e r g r a n u l a r rupture i s always much more pronounced i n pure materials. This means t h a t , i n i n d u s t r i a l materials, t h e mu1: : pl e i n t e r a c t i o n phenomena have a general tendency t o f a v o r t h e r e i n f o r c ement o f the g r a i n boundaries and thus t o hinder t h e e f f e c t o f hydrogen g r a i n boundary embrittlement.
I V -The u t i l i s a t i o n o f hydrogen embrittlement t o study grain-boundary segregation
The high s u s c e p t i b i l i t y o f some metal o r a l l o y s t o hydrogen induced g r a i n boundar y r u p t u r e can be used when one needs t o provoke an i n t e r g r a n u l a r f r a c t u r e f o r a research purpose. For instance, high temperature cathodic charging o f n i c k e l has been used as a t o o l t o study, by Auger Electron Spectroscopy, t h e i n t e r g r an u l a r segregation o f s u l f u r i n n i c k e l f o r conditions such as t h e s u l f u r segregat i o n i s not e m b r i t t l i n g by i t s e l f (50) (51).
I n f a c t , t o measure q u a n t i t a t i v e l y , by A.E.S., t h e s u l f u r segregation, i t i s necessary t h a t the f r a c t u r e surface obtained i n t h e spectrometer i s intergranul a r ; b u t t h i s happen o n l y f o r high s u l f u r coverage o f the boundary surfaces. I n order t o o b t a i n q u a n t i t a t i v e data on the k i n e t i c s o f segregation, p a r t l y segregated samples have been hydrogen-charged a t high temperature (cathodic charging) before i n t r o d u c t i o n i n the spectrometer. That procedure could be gener a l i z e d t o other m a t e r i a l s where i t i s d i f f i c u l t t o obtain an i n t e r g r a n u l a r f r a c t u r e surface.
V -Conclusions
The r o l e o f g r a i n boundary segregation i n hydrogen embrittlement o f iron-base and nickel-base a l l o y s i s s t i l l an open problem. Pure i r o n and n i c k e l are q u i t e c l e a r l y e m b r i t t l e d a t t h e i r g r a i n boundaries by hydrogen. It i s a l s o w e l l estab l i s h e d t h a t t h i s embrittlement i s caused by an hydrogen segregation e f f e c t . But, f o r both metals, t h e i n t e r a c t i o n between hydrogen and t h e g r a i n boundaries does n o t seem t o be very l a r g e and a c o n t r i b u t i o n o f t h e d i s l o c a t i o n t r a n s p o r t o f hydrogen towards t h e g r a i n boundary during t h e deformation i s involved i n t h e embrittlement mechanism. Some segregating i m p u r i t i e s have a strong i n f l u e n c e on t h i s phenomenon. For instance, s u l f u r i s a promotor , and carbon i s an i n h i b i t o r . As both elements are supposed t o show a strong a t t r a c t i o n i n t e r a c t i o n w i t h hydrogen, t h e i r opposit e behaviour i s d i f f i c u l t t o explain. The same problem arises f o r instance f o r t h e s p e c i f i c r o l e o f phosphorous, announced t o be deleterious i n s t e e l s and sometimes b e n e f i c i a l i n n i c k e l a1 loys.
It i s obvious t h a t t h e r e i s a strong need o f "clean" experiments on t h e s p e c i f i c a c t i o n o f t h e d i f f e r e n t segregating i m p u r i t i e s i n pure materials. The nature and s i g n i f i c a n c e o f the i n t e r a c t i o n phenomenon between hydrogen and a1 1 t h e s t r u c t u r a l defects as dislocation-core, grain-boundary core, i m p u r i t y atoms need t o be discussed q u a n t i t a t i v e l y , n o t only from the thermodynamical p o i n t o f view (29) b u t a l s o from t h e s t r u c t u r a l p o i n t o f view (52). The exact mechanism o f t h e r u p t u r e o f m e t a l l i c bonds i n presence o f hydrogen w i l l then be q u a n t i f i e d more p r e c i s e l y .
Another open question concerns t h e t r a n s p o r t phenomena : t h e accelerated t r a n sp o r t o f hydrogen by d i s l o c a t i o n s i s s t i l l n o t q u a n t i t a t i v e l y i n t e r p r e t e d ; t h e reason why g r a i n boundary s h o r t -c i r c u i t o f hydrogen occurs o n l y i n n i c k e l i s n o t explained.
The tremendous progress made on the knowledge o f t h e g r a i n boundary s t r u c t u r e should now be applied t o t h e understanding of g r a i n boundary p r o p e r t i e s . Segregat i o n s and hydrogen embrittlement are a wide open f i e l d f o r t h a t purpose.
